The numerical method on a double-channel sewage pump was studied, while the corresponding experimental result was also provided. On this basis, the influence of wall roughness on the pump performance was deeply studied. The results showed that there was a critical value of wall roughness. When the wall roughness was less than the critical value, it had a great influence on the pump performance, including the head, efficiency, and shaft power. As the wall roughness increased, the head and efficiency were continuously reduced, while the shaft power was continuously increased. Otherwise, the opposite was true. The effect of wall roughness on the head and hydraulic loss power was much smaller than that on the efficiency and disk friction loss power, respectively. With the increase of wall roughness, mechanical efficiency and hydraulic efficiency reduced constantly, leading to the decrement of the total efficiency. With the increase of flow rate, the effect of wall roughness on the head and efficiency gradually increased, while the influence on the leakage continuously reduced. The influence of the flow-through component roughness on the pump performance was interactive.
Introduction
Pumps are classified as general machinery with varied applications [1] [2] [3] [4] [5] . Sewage pump, as important equipment in the sewage treatment project, is widely used in chemical, municipal, and other industries. It is mainly used to transport production and domestic sewage containing a large amount of solid particles or fibrous solid substances. The double-channel sewage pump has the characteristics of compact structure, high efficiency, and good anti-winding and anti-clogging performance, while it has a wide application range, which has been studied by a large number of scholars [6] [7] [8] [9] [10] .
It is well known that pumps have huge energy consumption, and wall roughness has an important effect on pump efficiency [11] [12] [13] [14] [15] [16] . In the process of using the double-channel sewage pump, the abrasion of the wall surface caused by the impurities in the transport medium and the damage of the blade surface caused by erosion will cause the change of the wall roughness, and roughness Ra is one of the important factors affecting the performance of the pump.
Calculation Model
The design parameters of the double-channel sewage pump were as follows: rated flow Q d = 12 m 3 /h, rated head H = 13 m, impeller speed n = 2800 r/min, impeller blade number Z = 2, specific speed n s = 3.65nQ 0.5 /H 0.75 = 86. Impeller and volute were the core components of the pump. Due to the requirement of non-blocking performance, the impeller of the sewage pump adopted a curved pipe shape, and the volute section adopted a rectangular section, as shown in Figure 1 . The geometric parameters of the impeller and volute were calculated by the velocity coefficient method, as shown in Table 1 . The calculation model was the basis of numerical calculation, and the integrity of the model had a significant impact on the accuracy of the calculation results. If only the impeller and volute were considered, the disk friction loss and volume leakage loss were neglected. Therefore, to study the influence of wall roughness on the performance of the pump more accurately, the calculation model of Energies 2020, 13 , 464 4 of 20 the pump included the ring clearance, the impeller, the pump cavity, the volute, the inlet, and outlet sections whose length were 5 times and 10 times of impeller outlet diameter, as shown in Figure 2. the inlet, and outlet sections whose length were 5 times and 10 times of impeller outlet diameter, as shown in Figure 2 . 
Grid Independence
Compared with the common centrifugal pump impeller, the impeller of the double-channel sewage pump had the characteristics of severe distortion, large wrap angle, and special profile. Therefore, in the ICEM (Integrated Computer Engineering and Manufacturing), the hexahedral structured grid was generated for the total calculation domain of the double-channel sewage pump, as shown in Figure 3 . In order to determine the appropriate number of grids, five grid sizes (G values) were selected for the grid-independent analysis under the same settings, as shown in Figure 4 . It could be seen that the influence of the grid size G on the pump performance was within 2%. When the grid size was large, that is, the grid number was small, the efficiency η and head H were relatively high. When G ≤ 1.5 mm, the efficiency and head were basically stable. Considering the coordination of calculation accuracy and time, G = 1.5 mm was selected for meshing, as shown in Figure 3 . Moreover, the grid quality of the calculation model can be seen in Table 2 . The total grid quality was more than 0.37, which could meet the requirement of the numerical calculation. calculation model of the pump included the ring clearance, the impeller, the pump cavity, the volute, the inlet, and outlet sections whose length were 5 times and 10 times of impeller outlet diameter, as shown in Figure 2 . 
Compared with the common centrifugal pump impeller, the impeller of the double-channel sewage pump had the characteristics of severe distortion, large wrap angle, and special profile. Therefore, in the ICEM (Integrated Computer Engineering and Manufacturing), the hexahedral structured grid was generated for the total calculation domain of the double-channel sewage pump, as shown in Figure 3 . In order to determine the appropriate number of grids, five grid sizes (G values) were selected for the grid-independent analysis under the same settings, as shown in Figure 4 . It could be seen that the influence of the grid size G on the pump performance was within 2%. When the grid size was large, that is, the grid number was small, the efficiency η and head H were relatively high. When G ≤ 1.5 mm, the efficiency and head were basically stable. Considering the coordination of calculation accuracy and time, G = 1.5 mm was selected for meshing, as shown in Figure 3 . Moreover, the grid quality of the calculation model can be seen in Table 2 . The total grid quality was more than 0.37, which could meet the requirement of the numerical calculation. 
Turbulent Model
Turbulence models for pumps in ANSYS CFX (Computational Fluid X) include standard k-ε (k and ε represent the pulsating kinetic energy of the turbulent flow and its dissipation rate respectively), RNG (Renormalization-group) k-ε, SST (shear stress transport), k-ω (ω represents another kind of dissipation rate) and others. The calculation results of different turbulence models were quite different and needed to be selected according to the actual situation. Therefore, the numerical calculations with different turbulence modes under the rated flow condition were carried out and compared with the experimental results, as shown in Table 3 . It was found that the numerical results of the standard k-ε turbulence model agreed well with the experimental results. Therefore, the standard k-ε turbulence model was selected. 
Boundary Setting
The impeller and the shroud in the pump cavity were based on the rotating reference frame, whereas the other sub-domains were based on the stationary reference frame throughout the entire calculation domains. The interfaces between the impeller and its adjacent sub-domains were set to "frozen rotor" mode, and the other interfaces were set to "general connection" mode. Moreover, the non-slip walls were selected as the wall boundaries. The open inlet and mass outflow were selected as the inlet and outlet boundaries.
Equivalent Sand Model
In actual production, the wall roughness has peaks and valleys, and its shape and size are different. The arithmetic average deviation of the profile (R a ) and unevenness ten-point height (R z ) are the two typical parameters that can illustrate the value of the surface roughness. For simplicity, R a , the arithmetic average deviation of the profile, was selected in the manuscript.
The wall function method used by CFX is an extension of the method proposed by Launder and Spalding. In the logarithmic regular region, the near-wall tangential velocity of the fluid was logarithmically related to the wall shear stress, and the empirical formula was used to connect the near-wall boundary conditions of the average flow and the turbulent transport equation. The logarithmic relationship of the near-wall velocity was as follows [43] :
where u + is the near-wall velocity (in m/s), u τ is the friction velocity (in m/s), U t is the tangential velocity at a distance from the wall surface ∆y (in m/s), y + is the dimensionless distance from the wall, τ w is the wall shear stress (in N), k is the Von Karman constant, C is a constant associated with wall roughness. Surface roughness increased the generation of turbulence near the wall, which, in turn, led to a significant increase in wall shear stress, destroying the viscous sub-layer in the turbulent flow. The logarithmic velocity profile near the wall moved down:
where B take 5.2, offset ∆B is a function of dimensionless roughness h + (h + = hu τ /v); v is kinematic viscosity (in m 2 /s). For grit roughness, the offset ∆B could be expressed in the following form using the dimensionless sand roughness h s + :
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There are usually two methods for measuring roughness in production and life. One is to measure the roughness of the surface of an object by means of a roughness measuring instrument [44, 45] . The second is to compare the roughness samples [46] , compare the surface roughness of the object with the standard surface roughness samples, and estimate the size of the object surface roughness. The contour arithmetic mean deviation R a was used as a measurement parameter of roughness, which was defined as follows:
In actual production, the roughness has peaks and valleys, the shape and size are different. In CFX, the equivalent sand roughness k s was described [47, 48] , that is, a tightly arranged ball of equal diameter h s is placed on the smooth plane. Simulating the undulating wall surface, the equivalent sand grain roughness only affected the fluid in the upper half of the ball, as shown in Figure 5 . Therefore, the effect of the same surface roughness and the equivalent sand roughness on the fluid was quite different. roughness. The contour arithmetic mean deviation Ra was used as a measurement parameter of roughness, which was defined as follows:
In actual production, the roughness has peaks and valleys, the shape and size are different. In CFX, the equivalent sand roughness ks was described [47, 48] , that is, a tightly arranged ball of equal diameter hs is placed on the smooth plane. Simulating the undulating wall surface, the equivalent sand grain roughness only affected the fluid in the upper half of the ball, as shown in Figure 5 . Therefore, the effect of the same surface roughness and the equivalent sand roughness on the fluid was quite different. Colebrook et al. [49] used the equivalent sand model to experimentally study the gas in rough pipes and found the relationship between "smooth" law and "rough" law. The sand-grain roughness values required for use with the moody chart were not derived from any direct measure of roughness using modern surface characterization equipment, such as an optical profilometer. Using direct measurements of surface roughness in fluid flow calculations might, therefore, result in significant error.
For the equivalent sand model, it could be obtained from formula (6):
When the number of points tended to infinity, formula (7) became the integral formula: 
Equation (8) showed that if a roughness meter was used to measure the roughness Ra of a surface composed of a sphere layer with a diameter of hs, the final value of the measured roughness Ra was an order of magnitude smaller than a suitable sand grain roughness.
Adams et al. [50] proposed an algorithm to convert the measured surface roughness parameters into equivalent sand grain roughness and used this algorithm to convert the surface roughness into equivalent sand grain roughness so that the experimental results and numerical calculation of fluid flow had better consistency. Adams et al. obtained through deduction and experiment:
Combining the research of Deshmukh [51] and so on, the conversion coefficient of the equivalent roughness ks and the average deviation Ra of the contour arithmetic was selected as: Colebrook et al. [49] used the equivalent sand model to experimentally study the gas in rough pipes and found the relationship between "smooth" law and "rough" law. The sand-grain roughness values required for use with the moody chart were not derived from any direct measure of roughness using modern surface characterization equipment, such as an optical profilometer. Using direct measurements of surface roughness in fluid flow calculations might, therefore, result in significant error.
When the number of points tended to infinity, formula (7) became the integral formula:
and
Taking Equations (8) and (9) into Equation (7) gave:
Equation (8) showed that if a roughness meter was used to measure the roughness R a of a surface composed of a sphere layer with a diameter of h s , the final value of the measured roughness R a was an order of magnitude smaller than a suitable sand grain roughness.
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Combining the research of Deshmukh [51] and so on, the conversion coefficient of the equivalent roughness k s and the average deviation Ra of the contour arithmetic was selected as:
The conversion between the wall roughness R a and the equivalent sand roughness k s was utilized in CFX, and as shown in Table 4 , the numerical calculation regarding the roughness of the double-channel sewage pump was performed. 
Influence of Wall Roughness on the Pump Performance

Six wall roughness of 0 µm, 20 µm, 40 µm, 50 µm, 60 µm, 80 µm, and 100 µm were selected for the numerical calculation of double-channel sewage pump. From Figure 6 and Table 5 , it could be seen that there was a critical wall roughness (R a = 50 µm) for the influence of roughness on the performance of the pump. When 0 µm ≤ R a ≤ 50 µm, with the increase of R a , the head H and efficiency η gradually decreased, and the decreasing rate gradually reduced, while the shaft power P gradually increased, and the increasing rate gradually decreased. When 50 µm ≤ R a ≤ 100 µm, with the increase of R a , H and η gradually increased, and the increasing rate gradually decreased, while P decreased gradually, and the decreasing rate gradually reduced. When R a increased from 0 µm to 50 µm, the value of P increased by 43.39%, and the reductions of H and ηd were 33.18% and 4.12%, respectively. It showed that when the wall roughness was less than the critical wall roughness, the wall roughness had a great influence on the performance of the pump, and the influence on the shaft power and efficiency was much greater than that on the head. When the wall roughness was larger than the critical wall roughness, the wall roughness had little effect on the performance of the pump. The conversion between the wall roughness Ra and the equivalent sand roughness ks was utilized in CFX, and as shown in Table 4 , the numerical calculation regarding the roughness of the doublechannel sewage pump was performed. 
Six wall roughness of 0 μm, 20 μm, 40 μm, 50 μm, 60 μm, 80 μm, and 100 μm were selected for the numerical calculation of double-channel sewage pump. From Figure 6 and Table 5 , it could be seen that there was a critical wall roughness (Ra = 50 μm) for the influence of roughness on the performance of the pump. When 0 μm ≤ Ra ≤ 50 μm, with the increase of Ra, the head H and efficiency η gradually decreased, and the decreasing rate gradually reduced, while the shaft power P gradually increased, and the increasing rate gradually decreased. When 50 μm ≤ Ra ≤ 100 μm, with the increase of Ra, H and η gradually increased, and the increasing rate gradually decreased, while P decreased gradually, and the decreasing rate gradually reduced. When Ra increased from 0 μm to 50 μm, the value of P increased by 43.39%, and the reductions of H and ηd were 33.18% and 4.12%, respectively. It showed that when the wall roughness was less than the critical wall roughness, the wall roughness had a great influence on the performance of the pump, and the influence on the shaft power and efficiency was much greater than that on the head. When the wall roughness was larger than the critical wall roughness, the wall roughness had little effect on the performance of the pump. 
Influence of Wall Roughness on the Internal Flow of the Pump
The influence of wall roughness on the internal flow of the pump could be expressed by the turbulent energy. Estimating the turbulent kinetic energy using turbulence intensity, the formula was as follows:
where u is the average velocity (in m/s), l is the turbulence intensity, and R e is the Reynolds number. Figure 7 shows the turbulent energy distribution in the middle section of the pump with different wall roughness under the rated flow condition (Q = 12 m 3 /h). It could be seen that due to the influence of the impeller's rotation, the turbulent energy was gradually reduced from the shroud edge to the shroud center. There was the largest turbulent energy at the clearance ring, so the domain of the clearance ring could not be ignored in the numerical calculation. As the wall roughness increased, the turbulent flow energy k gradually increased, and the increasing rate gradually reduced.
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Influence of Wall Roughness on the Components of the Efficiency and Shaft Power
In order to study why the influence of wall roughness on the performance of the pump is so obvious, this paper further subdivided the external characteristic of the pump. The components of its shaft power and efficiency are shown in Table 6 . Without considering the mechanical loss at the bearing shaft seal, the formulae were as follows:
The three sub-efficiencies of the pump were obtained from the following formulae:
where P is the shaft power (in W), P m is the disk friction loss power (in W), P h is the hydraulic power (in W), q is the average ring leakage (in m 3 /h), η m is the mechanical efficiency, η v is the volumetric efficiency, and η h is the hydraulic efficiency. 
Energies 2020, 13, 464 11 of 20 where P is the shaft power (in W), P m is the disk friction loss power (in W), P h is the hydraulic power (in W), q is the average ring leakage (in m 3 /h), η m is the mechanical efficiency, η v is the volumetric efficiency, and η h is the hydraulic efficiency. Figure 9 illustrates the three kinds of power P m , P h , and P with different wall roughness R a under the rated flow conditions (Q = 12 m 3 /h). When 0 µm ≤ R a ≤ 50 µm, as R a increased, P m , P h , and P increased together, but the increasing rate gradually reduced; when 50 µm ≤ R a , as R a increased, P m , P h and P decreased slightly. When R a changed from 0 µm to 50 µm, P m and P h increased to 382.81% and 18.37%, respectively. When R a changed from 50 µm to 100 µm, P m and P h increased to 7.06% and 0.61%, respectively, indicating that when the wall roughness did not reach the critical wall roughness, the influence of the wall roughness was relatively large. The effect of the wall roughness on P h was much smaller than that on P m . Figure 9 illustrates the three kinds of power Pm, Ph, and P with different wall roughness Ra under the rated flow conditions (Q = 12 m 3 /h). When 0 μm ≤ Ra ≤ 50 μm, as Ra increased, Pm, Ph, and P increased together, but the increasing rate gradually reduced; when 50 μm ≤ Ra, as Ra increased, Pm, Ph and P decreased slightly. When Ra changed from 0 μm to 50 μm, Pm and Ph increased to 382.81% and 18.37%, respectively. When Ra changed from 50 μm to 100 μm, Pm and Ph increased to 7.06% and 0.61%, respectively, indicating that when the wall roughness did not reach the critical wall roughness, the influence of the wall roughness was relatively large. The effect of the wall roughness on Ph was much smaller than that on Pm. Figure 10 shows the pump mechanical efficiency ηm, hydraulic efficiency ηh, and volumetric efficiency ηv with different roughness Ra under the rated flow condition. It could be seen from Table  5 that as Ra increased, ηv gradually decreased, but the decreasing rate gradually reduced. When Ra did not reach the critical wall roughness (Ra = 50 μm), with the increase of Ra, ηm and ηh gradually decreased, and the decreasing rate gradually reduced. When Ra exceeded the critical wall roughness, as Ra increased, ηm and ηh gradually increased, but the increasing rate gradually reduced. When Ra changed from 0 μm to 50 μm, ηm, ηh, and ηv reduced by 16.25%, 14.84%, and 1.69%, respectively. When Ra increased from 50 μm to 100 μm, ηm and ηh increased by 1.17% and 1.03%, and ηv reduced by 0.13%. It showed that when the wall roughness did not reach the critical wall roughness, the effect of wall roughness on the efficiency was large; when the roughness exceeded the critical roughness, the effect of wall roughness on the efficiency was small. With the increase of wall roughness, mechanical efficiency and hydraulic efficiency reduced constantly, leading to the decrement of the total efficiency. Figure 10 shows the pump mechanical efficiency η m , hydraulic efficiency η h , and volumetric efficiency η v with different roughness R a under the rated flow condition. It could be seen from Table 5 that as R a increased, η v gradually decreased, but the decreasing rate gradually reduced. When R a did not reach the critical wall roughness (R a = 50 µm), with the increase of R a , η m and η h gradually decreased, and the decreasing rate gradually reduced. When R a exceeded the critical wall roughness, as R a increased, η m and η h gradually increased, but the increasing rate gradually reduced. When R a changed from 0 µm to 50 µm, η m , η h , and η v reduced by 16.25%, 14.84%, and 1.69%, respectively. When R a increased from 50 µm to 100 µm, η m and η h increased by 1.17% and 1.03%, and η v reduced by 0.13%. It showed that when the wall roughness did not reach the critical wall roughness, the effect of wall roughness on the efficiency was large; when the roughness exceeded the critical roughness, the effect of wall roughness on the efficiency was small. With the increase of wall roughness, mechanical efficiency and hydraulic efficiency reduced constantly, leading to the decrement of the total efficiency. Energies 2020, 13 
Influence of Wall Roughness on the Pump Performance Under Five Flow Conditions
Because of complicated use situations, the pump's operating conditions of the pump were constantly changing. The above research was mainly to study the influence of wall roughness of the pump under the rated flow condition. Therefore, the influence of different wall roughness under five flow conditions (Q = 7.8, 10, 12, 14, and 16 m 3 /h) was numerically calculated, as shown in Table 7 . Figure 11 shows the pump head H and efficiency η under five flow conditions. When Ra changed from 0 μm to 50 μm, H and η were reduced, while the leakage amount q increased. When Q = 7.8m 3 /h, the increase of Ra led to a decrease of H and η of 0.24 m and 22.6%, respectively, and q increased by 0.27 m 3 /h. When Q = 16 m 3 /h, the increase of Ra led to a decrease of H and η of 1.62 m and 24.91%, respectively, and q increased by 0.14 m 3 /h; When Ra increased from 50 μm to 100 μm, H, η, and q increased together. When Q = 7.8 m 3 /h, with the increase of Ra, H, η, and q increased by 0.03 m, 1.15%, and 0.03 m 3 /h, while they increased by 0.49 m, 2.75%, and 0.01 m 3 /h at Q = 16 m 3 /h. It showed that with the increase of flow rate, the influence of wall roughness on the head and efficiency increased gradually, but the influence on the leakage amount decreased gradually. 
Because of complicated use situations, the pump's operating conditions of the pump were constantly changing. The above research was mainly to study the influence of wall roughness of the pump under the rated flow condition. Therefore, the influence of different wall roughness under five flow conditions (Q = 7.8, 10, 12, 14, and 16 m 3 /h) was numerically calculated, as shown in Table 7 . Figure 11 shows the pump head H and efficiency η under five flow conditions. When R a changed from 0 µm to 50 µm, H and η were reduced, while the leakage amount q increased. When Q = 7.8m 3 /h, the increase of R a led to a decrease of H and η of 0.24 m and 22.6%, respectively, and q increased by 0.27 m 3 /h. When Q = 16 m 3 /h, the increase of R a led to a decrease of H and η of 1.62 m and 24.91%, respectively, and q increased by 0.14 m 3 /h; When R a increased from 50 µm to 100 µm, H, η, and q increased together. When Q = 7.8 m 3 /h, with the increase of R a , H, η, and q increased by 0.03 m, 1.15%, and 0.03 m 3 /h, while they increased by 0.49 m, 2.75%, and 0.01 m 3 /h at Q = 16 m 3 /h. It showed that with the increase of flow rate, the influence of wall roughness on the head and efficiency increased gradually, but the influence on the leakage amount decreased gradually. Energies 2020, 13, Figure 12 shows the three kinds of power Pm, Ph, and P, with three kinds of wall roughness under five flow conditions. As Q increased, Ph and P showed an increasing trend, while Pm kept basically unchanged. With the increase of Ra, Pm, Ph, and P increased jointly, but the increasing rate kept the same with Q, indicating that the effect of wall roughness on the power was independent of Reynolds number. Figure 13 indicates the three kinds of efficiency ηm, ηh, and ηv under five flow conditions. With the increase of Q, ηm and ηv increased, while ηh first increased and then decreased. The reason why ηm increased was that Pm kept basically unchanged with the increase of Q, while Ph and P increased together, so the proportion of Pm in P gradually decreased. The reason why ηv increased was that the pump's leakage amount decreased as with Q. The reason why ηh first increased and then decreased was that 12 m 3 /h was the design condition (optimal flow condition) of the pump. Under different roughness conditions, with the increase of flow rate, the variation amplitude of mechanical efficiency and volumetric efficiency decreased gradually, while the variation amplitude of hydraulic efficiency increased gradually. The reason why the variation amplitude of mechanical efficiency decreased gradually was that with the increase of flow rate, the variation amplitude of disk friction loss power and the roughness caused by disk friction loss power and hydraulic power basically remain unchanged, while the hydraulic power increased. The reason why the variation amplitude of volumetric efficiency decreased was that with increasing the flow rate, the influence of wall roughness on leakage also decreased gradually. When the roughness was less than the critical wall roughness, the reason for the increase of hydraulic efficiency was that with the increase of flow rate, the resistance loss along the pump path caused by roughness increased gradually. When the roughness was greater than the critical wall roughness, the reason for the increase of hydraulic efficiency was that with the increase of roughness, the energy loss in the pump was close to a constant value [28] , and the proportion decreased gradually. Figure 12 shows the three kinds of power P m , P h , and P, with three kinds of wall roughness under five flow conditions. As Q increased, P h and P showed an increasing trend, while P m kept basically unchanged. With the increase of R a , P m , P h , and P increased jointly, but the increasing rate kept the same with Q, indicating that the effect of wall roughness on the power was independent of Reynolds number. Figure 12 shows the three kinds of power Pm, Ph, and P, with three kinds of wall roughness under five flow conditions. As Q increased, Ph and P showed an increasing trend, while Pm kept basically unchanged. With the increase of Ra, Pm, Ph, and P increased jointly, but the increasing rate kept the same with Q, indicating that the effect of wall roughness on the power was independent of Reynolds number. Figure 13 indicates the three kinds of efficiency ηm, ηh, and ηv under five flow conditions. With the increase of Q, ηm and ηv increased, while ηh first increased and then decreased. The reason why ηm increased was that Pm kept basically unchanged with the increase of Q, while Ph and P increased together, so the proportion of Pm in P gradually decreased. The reason why ηv increased was that the pump's leakage amount decreased as with Q. The reason why ηh first increased and then decreased was that 12 m 3 /h was the design condition (optimal flow condition) of the pump. Under different roughness conditions, with the increase of flow rate, the variation amplitude of mechanical efficiency and volumetric efficiency decreased gradually, while the variation amplitude of hydraulic efficiency increased gradually. The reason why the variation amplitude of mechanical efficiency decreased gradually was that with the increase of flow rate, the variation amplitude of disk friction loss power and the roughness caused by disk friction loss power and hydraulic power basically remain unchanged, while the hydraulic power increased. The reason why the variation amplitude of volumetric efficiency decreased was that with increasing the flow rate, the influence of wall roughness on leakage also decreased gradually. When the roughness was less than the critical wall roughness, the reason for the increase of hydraulic efficiency was that with the increase of flow rate, the resistance loss along the pump path caused by roughness increased gradually. When the roughness was greater than the critical wall roughness, the reason for the increase of hydraulic efficiency was that with the increase of roughness, the energy loss in the pump was close to a constant value [28] , and the proportion decreased gradually. Figure 13 indicates the three kinds of efficiency η m , η h , and η v under five flow conditions. With the increase of Q, η m and η v increased, while η h first increased and then decreased. The reason why η m increased was that P m kept basically unchanged with the increase of Q, while P h and P increased together, so the proportion of P m in P gradually decreased. The reason why η v increased was that the pump's leakage amount decreased as with Q. The reason why η h first increased and then decreased was that 12 m 3 /h was the design condition (optimal flow condition) of the pump. Under different roughness conditions, with the increase of flow rate, the variation amplitude of mechanical efficiency and volumetric efficiency decreased gradually, while the variation amplitude of hydraulic efficiency increased gradually. The reason why the variation amplitude of mechanical efficiency decreased gradually was that with the increase of flow rate, the variation amplitude of disk friction loss power and the roughness caused by disk friction loss power and hydraulic power basically remain unchanged, while the hydraulic power increased. The reason why the variation amplitude of volumetric efficiency decreased was that with increasing the flow rate, the influence of wall roughness on leakage also decreased gradually. When the roughness was less than the critical wall roughness, the reason for the increase of hydraulic efficiency was that with the increase of flow rate, the resistance loss along the pump path caused by roughness increased gradually. When the roughness was greater than the critical wall roughness, the reason for the increase of hydraulic efficiency was that with the increase of roughness, the energy loss in the pump was close to a constant value [28] , and the proportion decreased gradually. 
Influence of Wall Roughness of Each Flow Part on the Pump Performance
To study the influence of wall roughness of each flow part on the pump performance, four flow parts of the pump, such as the impeller (including the blade and inner wall), shroud, pump cavity, and volute, were selected as research objects, and the wall roughness was set separately for numerical calculation. Figure 14 shows the pump head H with different wall roughness Ra of each flow part. It could be seen that with the increase of Ra of the impeller and shroud, the working capacity of the pump was improved, and H was gradually increased, but the increase rate was continuously decreased. The influence of Ra of the impeller on H was greater than that of the shroud. After considering the wall roughness of the pump cavity and volute, as Ra increased, H gradually decreased, and the decreasing rate continuously decreased. The influence of rough volute on the head was greater than that of all rough flow parts, indicating that the wall roughness of each flow part had no independent influence on the pump head, but interacted with each other. Figure 15 shows the pump efficiency η with different wall roughness Ra of each flow part. It could be seen from Figure 15a that after considering the wall roughness of each flow part, η decreased with the increase of Ra, and the decreasing rate gradually reduced. When Ra reached the critical wall roughness (Ra > 50 μm), η kept stable basically. The influence of Ra of the impeller and shroud (pump cavity and volute) on η was basically the same, while the influence of Ra of the pump cavity and volute on η was greater than that of the impeller and shroud. The comprehensive influence of wall roughness of all the flow parts on the pump efficiency was smaller than the sum influence of that of each flow part, indicating once again that the influence of wall roughness on the pump performance was interconnected. Figure 15b shows the mechanical efficiency ηm with different wall roughness Ra 
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To study the influence of wall roughness of each flow part on the pump performance, four flow parts of the pump, such as the impeller (including the blade and inner wall), shroud, pump cavity, and volute, were selected as research objects, and the wall roughness was set separately for numerical calculation. Figure 14 shows the pump head H with different wall roughness Ra of each flow part. It could be seen that with the increase of Ra of the impeller and shroud, the working capacity of the pump was improved, and H was gradually increased, but the increase rate was continuously decreased. The influence of Ra of the impeller on H was greater than that of the shroud. After considering the wall roughness of the pump cavity and volute, as Ra increased, H gradually decreased, and the decreasing rate continuously decreased. The influence of rough volute on the head was greater than that of all rough flow parts, indicating that the wall roughness of each flow part had no independent influence on the pump head, but interacted with each other. Figure 15 shows the pump efficiency η with different wall roughness Ra of each flow part. It could be seen from Figure 15a that after considering the wall roughness of each flow part, η decreased with the increase of Ra, and the decreasing rate gradually reduced. When Ra reached the critical wall roughness (Ra > 50 μm), η kept stable basically. The influence of Ra of the impeller and shroud (pump cavity and volute) on η was basically the same, while the influence of Ra of the pump cavity and volute on η was greater than that of the impeller and shroud. The comprehensive influence of wall roughness of all the flow parts on the pump efficiency was smaller than the sum influence of that of each flow part, indicating once again that the influence of wall roughness on the pump performance was interconnected. Figure 15b shows the mechanical efficiency ηm with different wall roughness Ra Figure 15 shows the pump efficiency η with different wall roughness R a of each flow part. It could be seen from Figure 15a that after considering the wall roughness of each flow part, η decreased with the increase of R a , and the decreasing rate gradually reduced. When R a reached the critical wall roughness (R a > 50 µm), η kept stable basically. The influence of R a of the impeller and shroud (pump cavity and volute) on η was basically the same, while the influence of R a of the pump cavity and volute on η was greater than that of the impeller and shroud. The comprehensive influence of wall roughness of all the flow parts on the pump efficiency was smaller than the sum influence of that of each flow part, indicating once again that the influence of wall roughness on the pump performance was interconnected. Figure 15b shows the mechanical efficiency η m with different wall roughness R a of each flow part. It could be seen that R a of the impeller and volute had little effect on η m , while that of the shroud and pump cavity had a strong effect on η m . Obviously, R a of the shroud was most sensitive to η m of the pump, indicating that the disk friction loss was closely related to the wall roughness of the shroud. Figure 15c shows the volumetric efficiency η v of the pump with different wall roughness R a of each flow part. It could be seen that R a of the impeller and shroud had a positive effect on η m , while that of the volute and pump cavity had a negative effect. Moreover, R a of the shroud and pump cavity was rather sensitive to η v , indicating the flow in the pump cavity was closely related to the volumetric leakage. Figure 15d shows the hydraulic efficiency η h of the pump with different wall roughness R a of each flow part. It could be seen that R a of the shroud had a slight positive effect on η m , while that of the pump cavity, impeller, and volute had an obvious negative effect. The wall roughness of the volute was most sensitive to the hydraulic loss. In summary, the volumetric efficiency was affected by the wall roughness of the pump cavity and shroud, the mechanical efficiency was affected by the wall roughness of the shroud, and the hydraulic efficiency was affected by the wall roughness of the impeller and volute.
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Comparison Between the Numerical and Experimental Results
The prototype of the pump was made, and the relevant experimental results could also be obtained. The whole experiment could be divided into four steps:
1. The original model was processed and then tested (All rough); 2. The impeller channel was polished and then tested (Smooth impeller channel); 3. The front and the rear shroud of the impeller were polished (Smooth shroud); 4. The volute channel and the inner wall of the pump cavity were polished (All smooth).
Every test was repeated to ensure the accuracy of the experimental data. After polishing the 
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Every test was repeated to ensure the accuracy of the experimental data. After polishing the wall, the average wall roughness was about 5 µm. The schematic diagram of the test bench is shown in Figure 17 . A turbine flowmeter was used to measure the flow Q, and the precision of the turbine flowmeter was ±0.3%. Speed n was measured by a tachometer (PROVA RM-1500, Taiwan). During the experiment, only one dynamic pressure transmitters (CYG1401) was used to measure the outlet pressure. The precision of CYG1401 was ±0.2%. in Figure 17 . A turbine flowmeter was used to measure the flow Q, and the precision of the turbine flowmeter was ±0.3%. Speed n was measured by a tachometer (PROVA RM-1500, Taiwan). During the experiment, only one dynamic pressure transmitters (CYG1401) was used to measure the outlet pressure. The precision of CYG1401 was ±0.2%. Figure 18b , it could be seen that the numerical value of the efficiency was slightly higher than the experimental value because there is some backflow or deflow in the pump, and it's rather difficult to simulate the disordered flow by using CFD. Moreover, the numerical calculation did not consider the mechanical friction loss power at the bearing seal of the bearing shaft, which might account for 1% to 2% of the total power. However, the deviation between the numerical and experimental efficiency was only within 3%. Therefore, it's rather reliable to predict the pump's performance by using CFD. 8 1 0 Figure 18 illustrates the numerical and experimental results of the pump with four steps under five flow conditions (Q = 7.8, 10, 12, 14, 16 m 3 /h). As could be seen from Figure 18a , the experimental value of the head was consistent with the numerical value. When all the flow parts were smooth, the experimental and numerical head of the pump was largest. From Figure 18b , it could be seen that the numerical value of the efficiency was slightly higher than the experimental value because there is some backflow or deflow in the pump, and it's rather difficult to simulate the disordered flow by using CFD. Moreover, the numerical calculation did not consider the mechanical friction loss power at the bearing seal of the bearing shaft, which might account for 1% to 2% of the total power. However, the deviation between the numerical and experimental efficiency was only within 3%. Therefore, it's rather reliable to predict the pump's performance by using CFD. in Figure 17 . A turbine flowmeter was used to measure the flow Q, and the precision of the turbine flowmeter was ±0.3%. Speed n was measured by a tachometer (PROVA RM-1500, Taiwan). During the experiment, only one dynamic pressure transmitters (CYG1401) was used to measure the outlet pressure. The precision of CYG1401 was ±0.2%. Figure 18 illustrates the numerical and experimental results of the pump with four steps under five flow conditions (Q = 7.8, 10, 12, 14, 16 m 3 /h). As could be seen from Figure 18a , the experimental value of the head was consistent with the numerical value. When all the flow parts were smooth, the experimental and numerical head of the pump was largest. From Figure 18b , it could be seen that the numerical value of the efficiency was slightly higher than the experimental value because there is some backflow or deflow in the pump, and it's rather difficult to simulate the disordered flow by using CFD. Moreover, the numerical calculation did not consider the mechanical friction loss power at the bearing seal of the bearing shaft, which might account for 1% to 2% of the total power. However, the deviation between the numerical and experimental efficiency was only within 3%. Therefore, it's rather reliable to predict the pump's performance by using CFD. 8 1 0 
Conclusions
(1) Wall roughness affected the performance of the double-channel swage pump, and there was also a critical wall roughness. When the wall roughness was less than the critical wall roughness, the wall roughness had a great effect on the performance of the pump. With increasing the wall roughness, the efficiency and head were reduced, and the shaft power was increased. The effect of wall roughness on the shaft power and efficiency was much greater than that on the head. When the roughness exceeded the critical wall roughness, the wall roughness had little effect on the performance of the pump. (2) The volumetric efficiency was affected by the wall roughness of the pump cavity and shroud, the mechanical efficiency was affected by the wall roughness of the shroud, and the hydraulic efficiency was affected by the wall roughness of the impeller and volute. In addition, the effect of the wall roughness of different flow parts was interactive. (3) For general centrifugal pumps, reducing the volumetric leakage loss was the most effective way to increase pump efficiency. Moreover, it was beneficial to improving the pump efficiency and reducing the pump shaft power by polishing the shroud and pump cavity. (4) On the basis of the complete calculation model and appropriate numerical method, it was rather reliable to use CFD to predict the performance of the double-channel sewage pump. 
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